Explaining the XENON1T excess with Luminous Dark Matter by Bell, Nicole F. et al.
MI-TH-2017
Explaining the XENON1T excess with Luminous Dark Matter
Nicole F. Bell,1, ∗ James B. Dent,2, † Bhaskar Dutta,3, ‡ Sumit
Ghosh,3, § Jason Kumar,4, ¶ and Jayden L. Newstead1, ∗∗
1ARC Centre of Excellence for Dark Matter Particle Physics,
School of Physics, The University of Melbourne, Victoria 3010, Australia
2Department of Physics, Sam Houston State University, Huntsville, TX 77341, USA
3Mitchell Institute for Fundamental Physics and Astronomy,
Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA
4Department of Physics, University of Hawaii, Honolulu, Hawaii 96822, USA
We show that the excess in electron recoil events seen by the XENON1T experiment can be ex-
plained by relatively low-mass Luminous Dark Matter candidate. The dark matter scatters inelas-
tically in the detector (or the surrounding rock), to produce a heavier dark state with a ∼ 2.75 keV
mass splitting. This heavier state then decays within the detector, producing a peak in the electron
recoil spectrum which is a good fit to the observed excess. We comment on the ability of future
direct detection datasets to differentiate this model from other Beyond the Standard Model scenar-
ios, and from possible tritium backgrounds, including the use of diurnal modulation, multi-channel
signals etc., as possible distinguishing features of this scenario.
I. INTRODUCTION
Recently the XENON Collaboration announced an ex-
cess of low energy electron recoil events above their ex-
pected background [1]. Though this excess may originate
from a tritium β-decay that was previously not included
in their background model, the collaboration also ex-
amined Beyond the Standard Model (BSM) possibilities
including solar axions or a neutrino magnetic moment
(µν). With a trace amount of tritium (6.2± 2.0× 10−20
mol/mol) added to the background model, the anomaly
is explained at 3.2σ, while the background plus solar ax-
ion (background plus µν) solution provides a 3.5σ (3.2σ)
significance fit to the excess within certain parameter
ranges. These BSM possibilities lose substantial statisti-
cal significance when combined with a tritium component
in the fit - down to 2.1σ (0.9σ) for the solar axion (µν)
case. Additionally, the collaboration examined the pos-
sibility of bosonic dark matter, but found no global sig-
nificance above 3σ. Other studies of BSM explanations
for the excess include [2–7].
The XENON1T excess is characterized by a peak at
∼ 3 keV. In this work we consider the possibility that
the XENON1T excess is generated by the interactions
of Luminous Dark Matter (LDM) [8–10], with a mass
splitting in the δ ∼ 3 keV range. The basic idea is that
dark matter scattering is purely inelastic, with the dark
matter (χ) scattering off nuclei (either in the detector
or in the surrounding overburden) to produce an excited
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dark state (χ′). The dark state then decays (χ′ → χγ) by
the emission of a monoenergetic photon with energy ∼ δ.
Given the energy resolution of XENON1T, the resulting
electron recoil spectrum contains a peak which is a good
fit to the XENON1T excess.
The paper is organized as follows. In Section II we
briefly review the setup of Luminous Dark Matter, and
its application to the XENON1T excess. In Section III,
we present our results. In Section IV, we discuss the
prospects for future experiments to probe this model.
We conclude with a discussion of our results in Section V.
II. LUMINOUS DARK MATTER
Our basic model is a species of Luminous Dark Mat-
ter. This is a two-state inelastic dark matter scenario
in which the heavier dark state produces photons via its
decays. Specifically, the cosmological cold dark matter
is a particle χ with mass mχ, and there exists a slightly
heavier dark state χ′, whose mass exceeds mχ by the
mass splitting δ = mχ′ −mχ  mχ. The dominant de-
cay of χ′ is through χ′ → χγ. Indeed, if δ is sufficiently
small and if χ′ and χ have the same spin, this is the
only visible decay which will be accessible (a two neu-
trino final state would also be possible). Note that, if
δ  mχ, then in the rest frame of the χ′ we will find
Eγ = δ + O(δ2/mχ). Note that even if χ′ decays to χ
and multiple photons, the sum of photon energies will be
δ+O(δ2/mχ), because the outgoing χ will have negligible
kinetic energy for δ/mχ  1. This scenario can emerge
if the dark matter is coupled to a mediator, φ, through
a χχ′φ interaction with φ decaying to γγ.
In this scenario, dark matter scattering is entirely in-
elastic (χA→ χ′A). This type of purely inelastic scatter-
ing arises generically in a variety of contexts [9, 11–26].
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2For example, inelastic scattering mediated by a dark pho-
ton with a vector coupling to the dark matter is generic in
any model where dark matter is only charged under spon-
taneously broken continuous symmetries. The reason is
that a gauge boson can only couple to a complex degree
of freedom. But if all of the continuous symmetries un-
der which the dark matter is charged are spontaneously
broken, then the dark matter is generically expected to
split into two real degrees of freedom. Since one cannot
form a vector current with a single real degree of freedom,
the dark photon must instead couple to an off-diagonal
vector current, yielding inelastic scattering. Morover, a
small mass splitting can be technically natural, e.g., in
models where the two dark states form a pseudo-Dirac
fermion.
As with the ambient dark matter particles, χ, the
χ′ produced from inelastic scattering is non-relativistic.
Therefore, the eventual decay of the χ′ yield nearly mo-
noenergetic photons in the frame of the Earth. This spec-
trum will have a peak at δ, and a width of roughly βδ,
where β ∼ O(10−3) is the approximate velocity of χ′ in
the frame of the Earth. For our purposes, this is essen-
tially a line signal. But this monoenergetic signal will be
smeared by the energy resolution of the detector. Note
also that, in order for inelastic scattering to be kinemat-
ically allowed, one must have δ . mχv2; if δ ∼ O(keV),
then we must have mχ & O(GeV).
Note that if the lifetime of χ′ is short, O(1µs), it will
decay within the XENON1T fiducial volume if the initial
inelastic scatter itself took place within this volume. In
that case it is possible, in principle, for the initial scatter
to also produce a detectable signal, either in the form of
a nuclear recoil, or an electron recoil via the Migdal ef-
fect [27–30]. However, we shall see that for the inelastic
cross section required to explain the XENON1T electron
recoil excess, the corresponding nuclear recoil signal is be-
low current experimental sensitivity when mχ . 15 GeV.
In addition, the Migdal process will be a very sublead-
ing effect, since only a very small fraction of inelastic
scatters will produce a Migdal electron, whereas every
inelastic scatter will produce a photon via χ′ decay.
If the lifetime of the χ′ is longer, then it is not neces-
sary for the initial scatter to even occur within the de-
tector. Instead the dark matter could scatter within the
surrounding rock, with the produced χ′ decaying within
the detector. Provided that the decay length of the χ′
is at most comparable to the length of the overburden,
one would find that the rate of χ′ decay in the detec-
tor is similar to the rate of dark matter scattering in the
detector1.
1 In this case, there will be some differences between the rate of
scattering and the rate of χ′ decay in the the detector, due to
the differing densities and compositions of the detector versus
the surrounding material. But this has little effect on our main
result.
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FIG. 1. The best fit line signal model with (orange) and with-
out (blue) the inclusion of a tritium component, compared
with the background only event rates (red).
III. THE XENON EXCESS AND LDM
The excess events observed by XENON1T are tightly
restricted to the energy range of 2-7 keV, with the most
significant deviations within just 2 bins from 2-4 keV.
Such a narrowly peaked signal can be fit with a mono-
energetic photon once smearing due to the detector reso-
lution has been taken into account. The energy resolution
of the XENON1T detector can be modeled as a Gaussian
with width:
σ(E)
keV
= 0.31
√
E
keV
+ 0.0035
E
keV
, (1)
which gives a width of ∼ 18.5% at E = 2.8 keV, in
good agreement with the calibration data [1, 31]. The
detection efficiency of low energy electron recoils is taken
from [1]. The signal model is defined by two parameters:
the line position in energy and the integrated rate. We
perform a two parameter fit to the first 14 bins to find
the best-fit signal model by minimizing the χ2 between
the data and the signal plus background events. Includ-
ing additional bins does not affect the best fit point but
does help evaluate the relative goodness of fit of the sig-
nal models. We find that a line energy of Eγ = 2.75 keV
and rate of 69.8 events/(tonne×year) provides a good fit
to the data: χ2/d.o.f = 0.42, with ∆χ2 = 11.4 com-
pared to the background only model as demonstrated in
Fig. 1. We also have included the best fit to the ex-
cess with LDM plus an unconstrained tritium compo-
nent. The best fit line signal shifts down slightly from
2.75 keV to 2.72 keV with the tritium inclusion and the
fit becomes χ2/d.o.f = 0.43, with ∆χ2 = 11.7 compared
to the background only rate.
For comparison with the best-fit point, we evaluate
the ∆χ2 for line energies in the range Eγ = 1 − 5 keV,
where the ∆χ2 is minimized by finding the best-fit rate
31 2 3 4 5
0
2
4
6
8
10
12
Photon energy, Eγ (keV)
Δχ2
Line only fit:
Eγ = 2.75 keVχ2/d.o.f = 0.42
Line +3H fit:
Eγ = 2.72 keVχ2/d.o.f = 0.43
Background only
FIG. 2. The ∆χ2 as a function of the photon energy (blue
solid) computed based on the 14 lowest-energy bins for lumi-
nous dark matter with (orange) and without (blue) the inclu-
sion a tritium component. For comparison the background
only ∆χ2 is also given (red).
and tritium contribution at each energy. The results of
this scan are shown in Fig. 2, we find that line signals in
the entire range provide a better fit to the data than the
background only model. We note that this line is very
close to the x-ray line produced when 37Ar decays via
K-shell electron capture to 37Cl, which can then relax to
its ground state by emitting a 2.8 keV photon [31]. With
a half-life of 35 days, 37Ar would need to be continuously
introduced throughout the data taking period, as no time
dependence of the rate was found [1]. Without a steady
source of 37Ar, this explanation of the excess is strongly
disfavored.
In the context of LDM, a photon line can provide a vi-
able explanation of the excess so long as a mass splitting
of δ = 2.72−2.75 keV is kinematically accessible (mχ & 1
GeV) and constraints from previous low-threshold analy-
ses are not violated. This includes the XENON1T ioniza-
tion only (S2-only) analysis [32], which constrains both
nuclear and electronic recoils, and the standard S1-S2
analysis which constrained nuclear recoils [33]. The nu-
clear recoil rate for LDM upscatter is given by,
dR
dER
=
ρχ
2mχµχN
σSIA
2F 2(ER)
∫
v>vmin
f(v)
v
dv, (2)
where ρχ = 0.3 GeV/cm
3 is the local dark matter density,
µχN is the DM-nucleon reduced mass, σSI is the spin-
independent LDM-nucleon cross section, A is the atomic
number of the target (we are assuming identical couplings
to neutrons and protons), F 2(ER) is the nuclear form
factor (taken to be of the Helm form [34]) and f(v) is
the velocity distribution (taken to be Maxwellian, with a
velocity dispersion of v0 = 220 km/s and cutoff at vesc =
544 km/s). The kinematics of inelastic scattering require
that the incoming DM particle have a minimum velocity
given by,
vmin =
ERmT + δµχT√
2ERmTµχT
(3)
where mT is the mass of the target nucleus and µχT the
reduced mass of the χ and target nucleus.
To check for consistency with previous XENON1T
data we perform a single bin analysis where the total
upscattering rate is required to be below the total num-
ber of observed events in the signal regions of the two NR
analyses [32, 35]. For simplicity we perform this analysis
for the scenario with LDM only and no tritium. Addi-
tionally, the lack of observation of the 2.75 keV line in
the S2-only ER data also constrains the cross section.
To compute the upper limit we require that the total
number of events in the upper two bins of the S2-only
analysis in a 22 tonne-day exposure (19 events). These
upper bounds are displayed in Fig. 3 along with the cross
section required to explain the excess (i.e. producing a
total rate of 69.8 events/ty). We find that this scenario
is viable for a wide range of DM masses below 17 GeV,
down to the kinematic cutoff of 1 GeV where the required
cross section is on the cusp of the S2-only ER bound. In
the near future XENONnT [36, 37] will begin operating.
With three times the fiducial mass of XENON1T, it will
be able to collect 10 times the exposure of XENON1T in
a few years. Assuming a commensurate reduction in the
background rate, such an exposure will directly probe the
nuclear recoils of this LDM scenario down to 10 GeV in
dark matter mass.
IV. FUTURE PROSPECTS
We briefly discuss some avenues for probing this sce-
nario with data from future experiments.
• Direct detection spectrum: Upcoming direct detec-
tion experiments should be able to distinguish be-
tween this scenario and other BSM scenarios, and
possible tritium backgrounds. In particular, as en-
ergy resolution improves, the peak arising from
LDM will become increasingly sharp, and therefore
more easily distinguishable from other possibilities.
• Multi-channel direct detection signal: Interestingly,
because mχ can be as large as 15 GeV, future
xenon-based direct detection experiments could po-
tentially see a nuclear recoil signal. If the tail of
the nuclear recoil spectrum from inelastic scatter-
ing is above threshold, future experiments such as
LZ [38], XENONnT [36, 37] or PandaX-4T [39] may
see both nuclear recoils and the decay signal, which
would be a powerful cross check. In particular, this
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FIG. 3. Constraints on the spin-independent iDM-nucleon
cross section for δ = 2.75 keV, derived from other XENON1T
analyses [32, 35]. Constraints from S2-only data are given for
both electron (blue) and nuclear recoils (orange), while the
the S1-S2 results are only used to constrain nuclear recoils
(green). The dashed curve denotes the cross section required
to explain the excess with a 2.75 keV mass splitting. The
purple dotted curve denotes the future limits that could be
placed directly on the NR signal with 10 times the exposure.
signal could also help distinguish this scenario from
that of bosonic dark matter absorption, which also
yields a monoenergetic peak.
• Diurnal modulation: If the decay length is of order
the length of the overburden (O(103) m) or greater,
then more events will be observed when the dark
matter wind passes through the Earth (yielding a
larger volume for scattering), while fewer events
will be observed if the dark matter wind comes from
above the detector. This diurnal modulation was
discussed in the context of LDM in [10].
• Collider production: χ or χ′ can be produced at
beam experiments, yielding either photon or miss-
ing energy signatures. For example, the pp→ χχ′j
process will yield a monojet and missing energy sig-
nal [40, 41] if the χ′ lifetime is sufficiently large. For
a short lifetime (decay within the detector), it will
produce monophoton final state [42, 43]. However,
the σχp cross-section required by the fit would be
mostly out of reach for the LHC
• Beam-dump/fixed-target experiments: χ′ can be
produced in beam-dump/fixed target experiments
and if it is long-lived then an energetic photon spec-
trum could be seen at FASER [44–47], SHiP [48,
49], SeaQuest [50, 51], or other displaced detec-
tors. The production cross section, however, will
be dependent on the model dependent details of
the interaction between dark matter and the Stan-
dard Model.
V. SUMMARY
XENON1T has recently reported an interesting un-
explained excess of electron recoil events, with typical
energies of a few keV. Although this excess can poten-
tially be explained by a tritium background, there has
naturally been interest in BSM explanations of this sig-
nal. We have shown that this signal can be produced
by a species of Luminous Dark Matter with mass in the
∼ 1 − 15 GeV range, with a mass splitting between the
heavy and light states of 2.75 keV. If the dark matter
scatters inelastically with nuclei in the detector or the
surrounding rock, then the heavier state can decay back
to the light state within the detector, emitting one or
more photons with an energy of ∼ 2.75 keV. Including
the effects of the energy resolution, this model is a good
fit to the data: χ2/d.o.f = 0.42 with ∆χ2 = 11.4 com-
pared to the background only case. When we include a
tritium contribution, the best fit line value shifts down
to 2.72 keV, and the fit becomes: χ2/d.o.f. = 0.43 with
∆χ2 = 11.7 compared to the background only model.
This is a very general framework; the fit to the data
depends primarily on the mass splitting and the decay
channel (to photons), but has very little specific model
dependence on the microphysics.
This scenario can be probed with future data from di-
rect detection experiments, which can be used to dis-
tinguish this scenario from other BSM scenarios, as well
as from the tritium background. As an example, the
LDM structure allows for a possible distinctive diurnal
feature, or multi-channel detection, etc., which can be
searched for in future experiments. In addition, collider,
beam-dump/fixed target experiments can also provide in-
teresting signals, but these are much more dependent on
the details of dark matter interactions with the Standard
Model.
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